Poly (ethylene glycol) (PEG) assisted hydrothermal route has been used to study the influence of the hydrolyzing agent on the properties of PEG-iron oxide (Fe3O4) nanocomposites. Iron oxide nanoparticles (NPs), as confirmed by X-ray diffraction analysis, have been synthesized by a hydrothermal method in which NaOH and NH3 were used as hydrolyzing agents. Formation of PEG-Fe3O4 nanocomposite was confirmed by Fourier transform infrared spectroscopy (FTIR). Samples exhibit different crystallite sizes, which estimated based on line profile fitting as 10 nm for NH3 and 8 nm for NaOH hydrolyzed samples. The average particle sizes obtained from transmission electron microscopy was respectively 174±3 nm for NaOH and 165±4 nm for NH3 gas hydrolyzed samples. Magnetic characterization results reveal superparamagnetic characteristics despite a large particle size, which indicate the absence of coupling between the nanocrystals due to the presence of polymer in the nanocomposites. The conductivity curve demonstrates that σDC is strongly temperature dependent.
Introduction
Magnetic particles have been widely studied because of their fascinating properties and wide range of potential applications in ferrofluids, information storage and medicine. Among magnetic particles, iron oxides (Fe 2 O 3 and Fe 3 O 4 ) have been extensively investigated [1] [2] [3] . The intrinsic properties of these particles are mainly determined by its size, shape, composition, crystallinity and structure [4] [5] [6] .
Over the past decade, the Fe 3 O 4 has been widely used in many applications such as magnetic recording, ferrofluids, magnetic separation, magnetic resonance imaging, and catalysis for a long time [7] [8] [9] [10] [11] [12] . When the particle size of Fe 3 O 4 is decreased to nanoscales, it exhibits superparamagnetic behavior [13, 14] . This nanosize effect together with biocompatible properties of the material are considered of great potential for applications in biotechnology and biomedicine including bio-assays, magnetic resonance imaging (MRI), magnetically guided drug delivery, and hyperthermia [15] [16] [17] .
Meanwhile, in bio-nanotechnology, the biocompatibility of most nanoparticles could be greatly improved by introduce poly(ethylene glycol) (PEG) to their surface. In general, attachment of PEG promotes water solubility, reduces toxicity, decreases enzymatic degradation, and increases the in vivo half-lives of smallmolecule drugs [18] . PEG has frequently been used as a soft template for building 1D nanostructures due to its long-chain structure and selective absorption on preferred facets [19] . PEG with adsorbed by magnetic nanoparticles can prolong circulation time in a bloodstream. The modification of magnetite nanoparticles with PEG could be used to resist the protein adsorption and thus avoid their recognition by macrophage cells and simultaneously facilitate the nanoparticles uptake to specify cancer cells in a cancer therapy [20, 21] .
Size-controlled Fe 3 O 4 nanoparticles were prepared via a facile solvothermal method by using mixed surfactants of SDS and PEG as protective reagents by Liu et al. [22] . They found that the mixture of SDS and PEG could act as a more efficient protective reagent than SDS or PEG alone. Quasi-hexagonal α-Fe 2 O 3 nanoplates with lateral sizes of 40∼60 nm and thickness of ca. 10 nm were fabricated by a facile poly (ethylene glycol 600) (PEG-600) assisted hydrothermal technique in combination with calcination method by Zhang et al. [23] . Zhen et al. [24] studied the PEG (Mwt = 400, 1000, 20,000) assisted hydrothermal synthesis of single-crystalline Fe 3 O 4 nanowires. Dong et al. [25] synthesized the Fe 3 O 4 nanoparticles via a simple technique at room temperature using PEG as a template.
Here, we report the synthesis of PEG-Fe 3 O 4 nanocomposite. This is, to date, the first report using the adopted route for the synthesis of a PEG-Fe 3 O 4 nanocomposite. Comprehensive physicochemical and magnetic characterization results are presented.
Experimental

Chemicals and Instrumentation
All chemicals, including FeCl 3 .6H 2 O (99%), FeCl 2 ·4H 2 O (99%), NaOH PEG-400 (99%), and NH 3 gas (From HABAS, Turkey), were purchased from Merck and used as received without further purification.
X-ray powder diffraction (XRD) analysis was conducted on a Rigaku Smart Lab Diffractometer operated at 40 kV and 35 mA using Cu K α1 .
Fourier transform infrared (FTIR) spectra of the samples were measured with a Perkin Elmer BX FT-IR infrared spectrometer in the range of 400∼4000 cm −1 .
Transmission electron microscopy (TEM) analysis was performed using a FEI Tecnai G2 Sphera microscope. A drop of diluted sample in alcohol was dripped on a TEM grid. Particle size distribution was obtained from several micrographs, counting a number of minimum of 150 particles.
Thermal stability was determined by thermogravimetric analysis (TGA, Perkin Elmer Instruments model, STA 6000). TGA thermograms were measured for 5 mg of powder sample at a heating rate of 10℃/min in the temperature range of 30℃∼700℃ under nitrogen atmosphere.
Electrical conductivity of the PEG-Fe 3 O 4 has been studied in the range of 20∼120℃ with 10℃ increment steps. The samples were used in the form of circular pellets with 13 mm diameter and 3 mm thickness. The pellets were sandwiched between gold electrodes and the conductivities were measured using Novocontrol dielectric impedance analyzer in the frequency range 1 Hz to 3 MHz. The temperature was controlled by a Novocool Cryosystem, between −100℃ to 250℃. The dielectric data (ε ′ and ε ′′ ) were collected during heating as a function of frequency.
Room temperature VSM measurements have been conducted by using a quantum design vibrating sample magnetometer (QD-VSM). In a typical experiment, 2.79 g of FeCl 3 ·6H 2 O and 1 g of FeCl 2 ·4H 2 O were added dropwise into a separate 50 ml two separate Teflon-lined stainless autoclaves, then 30 ml PEG-400, heated and melted, was injected to each autoclave. The hydrolysis was performed by the addition of 1M NaOH solution (TE2) for the first autoclave and NH 3 gas (TE1) for the second until the pH of each solution is equal to 11. After continuous stirring, homogeneous solutions were obtained. The autoclaves were kept at 160℃ for 12 h, then cooled to room temperature. The products were filtered and washed several times with distilled water and absolute ethanol, and finally dried in a vacuum oven at 50℃ for 12 h.
Results and Discussion
XRD Analysis
Phase investigation of the crystalline products has been conducted using XRD and the patterns are presented in Fig. 1 . The XRD patterns indicate that the products were iron oxide, Fe 3 O 4 , and broadening of the diffraction peaks were observed owing to the small crystallite size. All the observed diffraction peaks could be indexed by the cubic structure of Fe 3 O 4 (JCPDS no 19-629) indicating a high phase purity of iron oxide. The mean size of the crystallites was estimated from the diffraction pattern by line profile fitting method using the equation (1) given in Ref 26 , and 27 (equation given below). The line profile, shown in Fig. 1 , were fitted for observed seven peaks with the following miller indices: (111), (220), (311), (400), (422), (511), (440). The average crystallite size, D and σ, was obtained as 10±2 nm and 8±2 nm for TE1 and TE2 samples, respectively, as the result of this line profile fitting. 
FT-IR Analysis
FTIR spectra of as synthesized PEG-Fe 3 O 4 nanocomposites by using NaOH (TE2) and NH 3 (TE1) as hydrolyzing agent; TE1 and TE2 are shown in Fig. 2 . As prepared powder presents characteristic peaks of magnetite powder: metal-oxygen band, observed at v 1 (590 cm −1 ) corresponds to intrinsic stretching vibrations of the metal at tetrahedral site (Fe tetra ↔O), whereas metal-oxygen band observed at v 2 (445 cm −1 ) is assigned to octahedral-metal stretching (Fe octa ↔O) [28] [29] [30] [31] [32] [33] . The FT-IR measurements reveal that the vibration band of C-O bond shifts from 1113 cm −1 for pure ethylene glycol to 1095 cm −1 for the nanocomposite which indicates that the O from C-O coordinates Fe on the surface of Fe 3 O 4 NP's. The presence of C-O (∼1106 cm −1 ), -CH 2 (∼2900 cm −1 ) and -CH (∼2800 cm −1 ) peaks were strong evidence that PEG was chemically bonded to the surface of nanoparticles. The surfactant molecules in the adsorbed state are influenced by the field of solid-state surface. As a result, the characteristic bands shifted to a lower frequency region. In the previous reports [34] [35] [36] [37] [38] , it has been concluded that the functional head groups of the surfactant have coordination bond or strong interaction with nanoparticles, and thus kinetically control the growth rates of various faces of crystals, which can control the morphology. As a surfactant, PEG is one of the polymers with major interest in this area because it is nontoxic, nonflammable and easy to handle. The PEG with a uniform and ordered chain structure is easily adsorbed at the surface of metal oxide colloid has been reported. When the surface of the colloid adsorbs this type of polymer, the activities of colloid will greatly decrease and the growth rate of the colloids in some certain facet will be confined [39, 40] . Therefore, the addition of PEG in the reaction system will modify the kinetics of the growth process, which leads to anisotropic growth of the crystal. Linear PEG used in the synthesis of series of nanoparticles and 1D material in solution [40] . 
TEM Analysis
TEM analysis performed to investigate the morphology of the PEG-Fe 3 O 4 nanocomposites. Micrographs and size distribution histograms calculated thereof are presented in Fig. 3 (a) and 3(b). Fe 3 O 4 particles observed to have more edgy morphology including squares, polygons and parallelograms; particles also agglomerated. It is most likely due to the influence of the chemisorbed PEG on the growth of nanoparticles and eventually sticking/clustering particles together. Size distribution histogram is obtained by measuring at least 150 nanoparticles and is fitted by using a log-normal function as follows [41] .
An average size, D T EM/log−normal , of 173±3 nm and 165±4 nm was obtained for magnetite nanoparticles in TE2 and TE1 nanocomposites, respectively. Crystallite size obtained from XRD line profile fitting vs. particle size estimated from TEM, reveal the polycrystalline characteristics of observed particles.
Thermal analysis
Thermal stability of the precursor and final powders is analyzed by using TGA. To confirm the existence of PEG on the surface of Fe 3 O 4 NPs and quantify the proportion of organic and inorganic phases, TGA was measured in the temperature range of 30∼700℃ and the thermograms are presented in Fig. 4 . Pure PEG (as shown in Fig. 4c ) combustion started at ∼340℃ and completely combusted at ∼420℃ [42] . PEG-400 shows approximately 100% weight loss in the 30∼700℃ temperature range of TG analysis. Degradation of PEG over the iron oxide begins at a much lower temperature. This behavior could originate from the fact that iron oxide particles behave as catalysts thus reducing the degradation temperature of PEG. Moreover, temperature range between degradation onset and offset points on the DTG curves for PEG is wider than that for the nanocomposite. This result might also be attributed to catalytic effects of nanoparticles for the degradation of PEG [43, 44] . TE1 and TE2 nanocomposites (as shown in Fig. 4a and 4b) show a major weight loss of 16% and 22% over the temperature range of 30∼700℃ due to the decomposition and combustion of PEG respectively. These results imply that TE1 nanocomposite has 84% inorganic phase (Fe 3 O 4 ) and TE2 nanocomposite has around 78% inorganic phase.
Magnetization
Under room temperature, M-H hysteresis curves of PEG-Fe 3 O 4 nanocomposites measured up to 1.5 T are shown in Fig. 5 . It reveals that magnetization curves are immeasurable coercively and remanence. Consequently, they do not show a hysteretic behavior. Besides, magnetization increases with external magnetic field strength, however, it does not reach to saturation even at 1.5 T. These observed properties are all typical features of superparamagnetic (SP) nanoparticles. Saturation magnetization (Ms) values of the nanocomposites are calculated from a plot of M vs. 1/H (M at 1/H≥0) as 54.6, 51.9 and 64 emu/g for TE1,TE2 and bulk Fe 3 O 4 , respectively, and appeared considerably lower than that of the bulk magnetite (92 emu/g) [45] . Here, we should notice that overall weight of the nanocomposites include the sum of the masses of magnetite and PEG coating. If we normalize these magnetization values to the mass of the magnetite only, derived from the TGA analysis in Fig. 3 , Ms of sample TE2 becomes 59.5 emu/g and 69.3 emu/g of TE1, which are still lower than the theoretical Ms of bulk magnetization. However, reduced magnetization is generally observed in SP magnetite particles [32, [45] [46] [47] [48] . In the literature, the low magnetization values of SP particles can be explained by the spin canting and the presence of disordered spins at the surface [49] . As particle size decreases, effect of surface spins to the overall magnetization increases due to the presence of a considerably high fraction of all spins on the surface. For instance, half of the overall spins can lie on the surface of the nanoparticles [49, 50] . In addition to spin canting and presence of disordered spins at the surface, adsorption of surfactant molecules to the surface of magnetite particles can be another reason of low magnetization values in the nanocomposites. In general, we have observed in our previous works [32, 48, 51] as well as in this study also, that surfactant molecules are bound to the surface via oxygen atoms as revealed from FTIR data. As a result, some of the spins of the oxygen atoms close to the surface are pinned which weak the super exchange interaction between Fe-O-Fe atoms. Then, overall magnetization of the nanocomposite decreases. Room temperature magnetization curves can be used to calculate average particle size of the nanocomposites with an assumption that they are weakly-or noninteracting SP particles. Magnetization of these particles can be described by the Langevin function which should be fit to the experimental data. Then, mean magnetic moment (µ) of particles is found to determine average particle size (D). Accordingly, mean magnetic moments of TE1 and TE2 samples with normalized masses are calculated as 10.621 µ B and, 7.743 µ B respectively. When these values are inserted in µ=M s πρD 3 /6, where ρ is the density of the magnetite particles ≈5.18 g/cm 3 , average particle sizes are found to be 8.2 ±2 nm and 7.7 ± 2 nm for the samples TE1 and TE2, respectively, and agrees with the crystallite sizes determined from XRD powder patterns.
Temperature and frequency dependent conductivity and dielectric permittivity measurements
The AC conductivity (σ AC ) curves of TE1 and TE2 samples as shown in Fig. 6 . The σ AC is generally increasing with increasing temperature and frequency. The σ AC does not change so much with frequency at low temperatures but at higher temperatures, it increases exponentially with increasing temperature. The σ DC conductivity of the TE1 and TE2 nanocomposites investigate from the frequency independent part of σ AC curves and obtained curves are demonstrated in Fig. 7 σ 0 exp(− Ea kB T ) and the activation energies of E a = 0.251 eV and 0.265 eV are found for TE1 and TE2, respectively. These result are comparable with the E a of Carnosine coated Fe 3 O 4 (0.312 eV) [30] and that of Alginic acid-Fe 3 O 4 nanocomposite (0.151) [31] .
Conclusion
In this investigation, iron oxide (Fe 3 O 4 ) nanoparticles have been successfully synthesized by a PEG assisted hydrothermal method in which NaOH and NH 3 gas were used as hydrolyzing agents. Formation of PEG-Fe 3 O 4 nanocomposite are confirmed by XRD and FTIR analysis. Samples exhibit different crystallite sizes, estimated based on line profile fitting as 10 nm for NaOH and 8 nm for NH 3 gas hydrolyzed samples. Average particle sizes, obtained from TEM analysis as 174±3 nm for NaOH and 165±4 nm for NH 3 gas hydrolyzed samples, indicate clearly that particles are polycrystalline. Magnetic characterization results reveal superparamagnetic character despite a large particle size, and magnetic domain size is estimated to be in the order of 8 nm for both samples, which evidence multi-domain character of the observed particles and the absence of coupling between the nanocrystals due to the presence of polymer in the nanocomposite. The conductivity curve demonstrates that σ DC strongly depends on the temperature. Since many intrinsic properties of magnetic nanoparticles are sizedependent, we believe that these nanoparticles with different sizes will have important applications not only in advanced magnetic materials and ferrofluid technology, but also in biomedical applications such as biomolecular separations, targeted drug delivery, cancer diagnosis and treatment, as well as magnetic resonance imaging. In addition, Fe 3 O 4 /PEG nanocomposite can also be used as thermoseeds for localized hyperthermia treatment of cancers.
